Direct reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) provides a unique opportunity to derive patient-specific stem cells with potential applications in tissue replacement therapies and without the ethical concerns of human embryonic stem cells (hESCs). However, cellular senescence, which contributes to aging and restricted longevity, has been described as a barrier to the derivation of iPSCs. Here we demonstrate, using an optimized protocol, that cellular senescence is not a limit to reprogramming and that age-related cellular physiology is reversible. Thus, we show that our iPSCs generated from senescent and centenarian cells have reset telomere size, gene expression profiles, oxidative stress, and mitochondrial metabolism, and are indistinguishable from hESCs. Finally, we show that senescent and centenarianderived pluripotent stem cells are able to redifferentiate into fully rejuvenated cells. These results provide new insights into iPSC technology and pave the way for regenerative medicine for aged patients.
The recent discovery of induced pluripotent stem cells (iPSCs) by Yamanaka's group (Takahashi et al. 2007 ) and rapid progress in this technology have opened up a new avenue in autologous regenerative medicine whereby patient-specific pluripotent cells could potentially be derived from adult cells. iPSCs have been reproducibly obtained in different cell types by forced expression of the OCT4, SOX2, KLF4, and c-MYC (Takahashi et al. 2007 ) transcription factor cocktail (OSKM) or by an alternative combination of four factors (OSNL), substituting KLF4 and c-MYC with NANOG and LIN28 (Yu et al. 2007 ). However, the reprogramming into iPSCs still suffers from several hurdles that have to be overcome for their practical application (Hanna et al. 2010) . Among them, cellular senescence increasing with the age was thought to be a critical issue. Senescence is linked to physiological aging, and is characterized by an irreversible cell cycle arrest in response to various forms of stress, including activation of oncogenes, shortened telomeres (replicative senescence), DNA damage, oxidative stress, and mitochondrial dysfunction (Campisi and d'Adda di Fagagna 2007) . A common feature is the activation of the p53/p21 CIP1 and p16
INK4A
/ pRb pathways, alteration of cell morphology and metabolism, increase in senescence-associated b-galactosidase (SA-b-Gal) activity, and formation of senescence-associated heterochromatic foci (SAHF) (Narita et al. 2003) .
It has been reported by several groups that cellular senescence is a barrier to reprogramming due to upregulation of p53, p16 INK4A , and p21 CIP1 , which are also induced by some of the iPSC reprogramming factors (Banito et al. 2009; Kawamura et al. 2009; Li et al. 2009; Marion et al. 2009a; Utikal et al. 2009 ). This suggested that cellular aging might be an important limitation for the derivation of iPSCs for therapeutic purposes from elderly individuals. Here we demonstrate that a specific six-factor gene cocktail causes efficient reversing of cellular senescence and reprogramming into iPSCs and that reprogrammed iPSCs generated from senescent and centenarian fibroblasts are indistinguishable from human embryonic stem cells (hESCs). Finally, we demonstrate that redifferentiation led to rejuvenated cells with a reset cellular physiology, defining a new paradigm for cell rejuvenation.
Results and Discussion
Efficient iPSC generation from senescent fibroblasts using a six-factor gene cocktail Because iPSC generation from senescent cells was only assayed using the initial gene set OSKM, we decided to investigate the effect of a six-factor combination containing NANOG and LIN28 in addition. Thus, proliferative human diploid fibroblasts from a 74-yr-old donor, which had undergone 12 population doublings (PDs) in culture after the biopsy (hereafter 74P), were induced into replicative senescence by serial passaging (hereafter 74S). Senescence was reached after an additional 39 PDs (51 PDs total) and assessed by FACS analysis, showing a permanent cell cycle arrest (Supplemental Fig. 1A,B) , increase in SA-b-Gal activity, up-regulation of p16
INK4A and p21 CIP1 , and formation of SAHF (Fig. 1A, panel 1; Supplemental Fig. 1C,D) . These senescent cells were also maintained for >2 mo in culture without any detectable increase in the cell number. Next, 74P and 74S cells were infected with a mix of the individual lentiviruses carrying each of the six genes to further enhance the efficiency of iPSC generation (Liao et al. 2008) . One week after infection, we observed first the disappearance of SAHFs in 74S senescent-infected cells (Fig. 1A, panel 1) , and then a restored proliferation after 18-20 d. Colonies resembling hESCs appeared at 35-40 d post-infection (Fig. 1A, panel 2) , with a mean reprogramming efficiency of 0.06%, similar to 74P infected under the same conditions (Supplemental Fig. 2 ). We randomly selected six iPSC colonies from proliferative (iPSC 74P) and senescent (iPSC 74S) fibroblasts and further characterized three clones, which were successfully maintained in culture during >35 passages on either hESC feeders or in feeder-free culture conditions. The continued presence of stem cell surface markers SSEA-4 and TRA-1-60 (Fig. 1B) , as well as reexpression of endogenous OCT4, SOX2, NANOG, and REX1 pluripotent marker genes, compared with the parental fibroblasts and with H1 and H9 hESCs and IMR90 TH 4 iPSCs (Yu et al. 2007 ) used as pluripotent control cell lines (Fig. 1C) , assessed the successful reprogramming. Reactivation of endogenous pluripotency genes in either iPSCs from senescent (iPSC 74S Cl F) or proliferative (iPSC 74P Cl H) cells was also confirmed by DNA demethylation in previously described CpG-rich regions of the OCT4 and NANOG promoters highly methylated in fibroblasts (Fig. 1D) . To exclude any cell type-specific effects, we repeated the same protocol using the human embryonic fibroblast IMR90 induced into replicative senescence, and we also achieved efficient reprogramming from senescent (IMR90S) or proliferative (IMR90P) fibroblasts with the six-factor gene cocktail (Supplemental Fig. 3 ).
Next we assessed the pluripotent state of the derived iPSCs by evaluating their capacity to differentiate into the three embryonic lineages. All iPSCs clones generated from 74S or 74P were able to differentiate efficiently into endoderm, ectoderm, and mesoderm, as shown by immunodetection of SMA, MAP2, and FOXA2 proteins, respectively (Fig. 1E) . We obtained similar results with proliferative and senescent IMR90 (data not shown).
Six-factor but not four-factor combination allows iPSC generation from senescent fibroblasts NANOG overexpression has been described to facilitate reprogramming in a predominantly cell division rate-independent manner, and LIN28 overexpression, similar to inhibition of the p53/p21 CIP1 pathway, increased the cell division rate, resulting in accelerated kinetics of iPSC production (Hanna et al. 2009; Yu et al. 2009 ). This suggested that the addition of the combination of NANOG and LIN28 might be essential for generating iPSCs from senescent cells. So, we decided to use first the other described combination, OSNL (Yu et al. 2007 ), on senescent cells, but after 40 d, we did not observe restarted proliferation or formation of hESCs resembling colonies when compared with proliferative cells. Additional treatments (VPA, 5-aza-dC, Wnt3A, or BIO) previously described to enhance the reprogramming efficiency (Feng et al. 2009 ) also failed to induce iPSCs, as confirmed by the absence of detectable expression of endogenous pluripotency genes in the infected cell population (Supplemental Fig. 4) . These results demonstrate that the OSNL combination is not able to reverse the replicative senescence state to generate iPSCs, as also previously described for the OSKM combination.
Altogether, these results indicate that the combination of the six transcription factors (OSKMNL) is a key determinant for a successful and efficent reprogramming reversing cellular senescence to derive iPSCs, without any direct suppression of senescence effectors contributing as safeguards of the genome. 
Generation of iPSCs from centenarian fibroblasts using the six-factor combination
The number of senescent cells increases in the human body during aging, and this is thought to impair tissue homeostasis (Campisi 2011) . Increased expression of p16 INK4A and p21
CIP1 also occurs in cells from aged donors; this correlates with decreased proliferation capacity and an increased ability to activate cell-intrinsic programs such as senescence and might impair their ability to be reprogrammed. To explore whether it might be a limitation, we investigated the possibility of deriving iPSCs for clinical purposes from very old humans on fibroblasts of extremely aged 92-, 94-, 96-, and 101-yr-old donors using our six-factor cocktail. We successfully derived iPSCs from all of the aged donor fibroblasts with efficiency similar to those obtained with senescent fibroblasts. All iPSC clones generated reexpressed endogenous pluripotency genes OCT4, SOX2, NANOG, and REX1 (Fig. 2A) ; underwent demethylation of CpG in the OCT4 and NANOG promoter regions (Supplemental Fig. 5) ; and re-expressed the pluripotency cell surface markers SSEA-4 and TRA-1-60 ( Fig. 2B ; Supplemental Fig. 6A ). Finally, we demonstrated the capacity of iPSCs from very old donors to differentiate into the three embryonic lineages as shown previously ( Fig. 2C ; Supplemental Fig. 6B ). These results demonstrate that our procedure efficiently reinstates self-renewal capacity and pluripotency from centenarian fibroblasts, and thus that cellular aging is definitely not a barrier to reprogramming.
iPSCs generated from senescent and centenarian cells with the six-factor-based strategy did not retain marks of cellular aging
Next we sought to investigate whether iPSCs derived from senescent fibroblasts and aged donors had maintained or lost their aged characteristics. Assuming that increased p16
INK4A and p21 CIP1 levels are common hallmarks of senescence and aging, we first showed that all iPSCs generated from replicative senescent or proliferative fibroblasts from old donors exhibited down-regulated expression of these proteins, similar to hESC lines ( Fig.  3A; Supplemental Fig. 7A,B) .
Resetting telomere function
In humans, progressive telomere shortening is thought to be one of the mechanisms underlying organism aging (Sahin and Depinho 2010) . Initial studies of telomere dynamics during reprogramming into iPSCs in mice demonstrated global lengthening of telomeres compared with parental fibroblasts, but also that telomere shortening represents a potent barrier for iPSC generation in engineered telomerase-deficient cells (Marion et al. 2009b ). In the case of human cells, there are contradictory reports on the efficiency of telomere lengthening and its maintenance in long-term growth of iPSCs and in their attrition rate in redifferentiation experiments, and contradictory evidence has been amassed previously by the strategy of nuclear transfer for animal cloning (Shiels et al. 1999; Lanza et al. 2000; Alexander et al. 2007 ), definitely not applicable to humans. Although iPSCs created by current protocols generally exhibit an initial increased telomere size compared with the parental differentiated cells, prematurely aged (shortened) telomeres appear to be a common feature of these iPSCs and their cell progeny (Suhr et al. 2009; Feng et al. 2010; Vaziri et al. 2010 ).
We measured the telomere length of iPSCs generated from 74S or 74P and found an increased mean size when compared with H9 hESCs (Fig. 3B) . Similarly, telomere length was increased in iPSCs derived from senescent or proliferative IMR90 after reprogramming (Supplemental Fig. 8A ), like telomeres from centenarians (Supplemental Fig. 8B ). Moreover, we were able to maintain all iPSC lines for >110 PDs without either any decrease in telomere length or loss of self-renewal and pluripotency properties, as with H9 hESCs. Interestingly, in some iPSC clones, telomeres were even longer than in H9 hESCs (Supplemental Fig. 9 ), suggesting possible additional improvements in iPSC generation with OSKMNL for increased proliferation capacity of redifferentiated cells. Collectively, these data demonstrate that our reprogramming protocol leads to erasure of the common marks of senescence and aging in the generated iPSCs, suggesting that it might be especially well suited clinically for deriving stem cells from aged donors.
To further investigate the ability of our six-factor-based reprogramming strategy to erase cellular marks of aging, we analyzed three iPSC clones in detail (iPSC 74P Cl H, iPSC 74S Cl F, and iPSC 96 Cl 1). First, we demonstrated that these clones, whose identities were confirmed by DNA fingerprinting analyses (Supplemental Table 1 ), exhibited perfectly normal karyotypes (Supplemental Fig.  10 ). Then, we showed that they acquired the capacity to progress into terminal differentiation, forming organized organ-like structures characteristic of the three embryonic lineages in teratoma (Supplemental Fig. 11) , and that the six transgenes used for reprogramming were almost completely down-regulated (Supplemental Fig. 12) .
Then, we performed transcriptome analysis of the three iPSCs and their parental counterparts, compared them with an iPSC IMR90 generated with six factors (iPSC IMR90P Cl C) from proliferative IMR90 fibroblasts (Fib IMR90P), and a built set of publicly available data for hESCs and iPSCs generated with four factors from different laboratories (Supplemental Table 2 ; Assou et al. 2007 ). We first confirmed that the specific pluripotency genes were expressed in our iPSCs at a level similar to hESCs and iPSCs (Supplemental Fig. 13 ; Guenther et al. 2010 ) and then performed a nonsupervised hierarchical clustering. Strikingly, gene expression profiles of proliferative and senescent aged fibroblasts clustered together compared with embryonic and postnatal fibroblasts, indicating that they share a general common aging signature, and our derived iPSCs (obtained using six factors) clustered with hESCs and separated them from previously described iPSCs derived with only four factors ( Fig. 3C;  Supplemental Fig. 14) . Furthermore, selected genes involved in telomere metabolism and maintenance (Vaziri et al. 2010) were similarly reset in our iPSCs, which clustered with hESCs and not with iPSCs generated by four factors (Supplemental Fig. 15 ). Finally, we found that those iPSCs expressed higher levels of telomerase transcripts compared with hESCs (Supplemental Fig. 16 ) as well as longer telomeres measured by FISH (Supplemental Fig. 17) , demonstrating that our six-factor-based strategy was more efficient for telomere function resetting.
Resetting mitochondria metabolism
Since oxidative stress and mitochondrial dysfunction are well described common features of senescence and aging (Passos et al. 2007; Moiseeva et al. 2009 ), we wondered whether these functions were also specifically reprogrammed from senescent and aged cells to acquire the anaerobic-like metabolism observed in hESCs. Clustering of transcriptomes using a specific subset of genes previously described as involved in these regulatory pathways (Armstrong et al. 2010; Prigione et al. 2010) confirmed that our iPSCs have reset these functions to an embryonic-like state (Supplemental Fig. 18 ). The overall mitochondrial activity was measured by evaluating the (DCm) trans-membrane potential calculated by the fluorescence intensity ratio of the JC-1 dye with confocal microscopy and flow cytometry analysis. As previously shown, the red/green ratio decreases in fibroblasts with senescence and aging ( Fig. 3D ; Passos et al. 2007; Moiseeva et al. 2009 ). Strikingly, we found an increased membrane potential in iPSCs to a level similar to that in hESCs, confirming the reprogramming of the altered mitochondrial activity from old and senescent fibroblasts to an hESC-like metabolism. Similar results were obtained with iPSCs from IMR90P and IMR90S (Supplemental Fig. 19 ). Furthermore, we did not observe differences in the reset number, distribution, or morphology of mitochondria in iPSCs when compared with hESCs (Supplemental Figs. 20, 21) . Analysis of mitochondrial properties in iPSCs illustrates how nuclear reprogramming in resetting gene expression programs to pluripotency might also reprogram cellular organelle function.
Collectively, our results indicate that senescent and aged cellular physiology is not a barrier to reprogramming and that our six-factor-based reprogramming strategy generates iPSCs indistinguishable from hESCs with some optimized properties.
Reprogramming senescent and centenarian fibroblasts with a six-factor-based strategy leads to redifferentiated cells with rejuvenated physiology
The last important and as-yet-unanswered question is whether reprogramming through pluripotency from senescent cells and cells from very aged patients allows the production of young redifferentiated cells.
First, we demonstrated that fibroblasts derived from 74P, 74S, and 96 iPSCs did not enter prematurely into senescence, contrary to previous results for redifferentiated iPSCs generated from different healthy proliferating cells or from premature aging syndromes (Feng et al. 2010; Liu et al. 2011) . Indeed, our iPSCs had no SA-b-Gal activity after 10 PDs (Fig. 4A, top panel) and proliferated at a rate equivalent to young proliferative fibroblasts. To exclude the possibility that our reprogramming strategy was associated with any mutations in the senescence induction pathways, we demonstrated the ability of redifferentiated fibroblasts to finally re-enter in replicative senescence after extensive culture, as shown by increased SA-b-Gal activity associated with cell cycle arrest (Fig. 4A, bottom panel) ; the reincreased expression of p16 INK4A and p21 CIP1 (Fig. 4B) ; and a reshortened telomere size (Supplemental Fig. 22 ). But importantly, the number of PDs to reach replicative senescence arrest has been increased after reprogramming through the pluripotent state. Indeed, the 74P parental fibroblasts were infected at PD 12, which without infection would last only a further 39 PDs before replicative senescence led to an iPSC 74P Cl H, which reached replicative senescence after 63 PDs when redifferentiated into fibroblasts, gaining >50% of additional proliferation capacity compared with their parental fibroblasts. Similarly, iPSC 74S Cl F produced from senescent 74S fibroblasts, which had totally exhausted their replicative life span, reentered into replicative senescence after 60 PDs when redifferentiated into fibroblasts. A similar resetting of proliferation capacity was observed in the aged 96 parental fibroblasts initially close to replicative senescence. This demonstrates a rejuvenated proliferation potential of aged and senescent cells induced by our six-factor-based strategy.
In addition to short telomeres, senescent or aged cells closely share profound and numerous transcriptional modifications indicative of their cellular aging, with major impacts on their physiology. To confirm and assess rejuvenation of the global cellular physiology, we analyzed their transcriptomes, and this showed that the global gene expression profiles of redifferentiated fibroblasts from 74P, 74S, and 96 iPSCs actually cluster with young proliferative embryonic fibroblasts derived from the H1 hESCs, whereas their parental counterparts share a common aging signature, separating them from postnatal fibroblasts (Fig.  4C ). This result was also confirmed by gene expression profile clustering of genes associated with oxidative stress (Supplemental Fig. 23 ) and mitochondrial activity (Supplemental Table 3) . These results thus demonstrate a rejuvenated physiology of senescent and aged cells after the sixfactor-based reprogramming through the pluripotent state.
Taken together, our results show that it is possible, using an adequate reprogramming strategy, to efficiently reprogram senescent cells and cells derived from very old individuals into iPSCs and that cellular senescence and aging are not barriers to reprogramming toward pluripotency. Crucially, we also demonstrated for the first time that, when redifferentiated back into fibroblasts, our cells have rejuvenated extended life spans and characteristics of young proliferative embryonic fibroblasts; thus, these cells have been completely rid of their former aged cellular phenotype. Our demonstration of the reversibility of major aspects of the cellular aging physiology provides a totally unexpected insight into the perceived importance of epigenetic modifications in aging and provides a new paradigm for cell rejuvenation.
Because iPSCs can bypass the ethical concerns related to hESC derivation and potential issues of allogenic rejection, an evident ultimate goal for iPSC research is their use for therapy, as they may represent an ideal source of immune system-tolerated adult cells for future clinical applications. In this context, we believe that our six-factor-based reprogramming, in reversing the aged altered cellular physiology, may constitute an optimal strategy for developing cell-based therapies for aged patients.
Materials and methods

SA-b-Gal
SA-b-Gal activity was detected as previously described (Matsuura et al. 2007 ).
Generation of human iPSCs
iPSCs were generated using lentiviral vectors containing cDNAs of human OCT4, SOX2, NANOG, LIN28, KLF4, and C-MYC genes in pSin vectors, as described (Takahashi et al. 2007; Yu et al. 2007 ).
In vitro differentiation assays
Embryoid bodies were generated from iPSCs as previously described, plated onto gelatin-coated tissue culture dishes, and grown for an additional 2 wk into the differentiating medium. For differentiation into fibroblast-like cells from iPSCs, they were cultured in differentiating conditions for 1 wk, selected, and subcultured according to regular fibroblast cell culture protocols.
Teratoma formation assay
For teratoma formation assays, undifferentiated cells were injected into rear leg muscles of NOD/SCID mice. Tumors were resected 2-4 mo after injection and fixed before paraffin embedding. Sections were subjected to hematoxylin and eosin staining before analysis under microscope.
Karyotypes
At least 25 metaphases were analyzed for each cell line using a conventional microscope and IKAROS software (Metasystems).
Bisulphite sequencing
Genomic DNA was treated with EZ-DNA Methylation kit (Zymo Research). The promoter regions of the human Oct3/4 and Nanog genes were amplified by PCR and subcloned into pGEM-T easy vector system (Promega). Ten random clones were picked and checked by sequencing.
Microarray analysis
Total RNA from each sample was prepared, and hybridization with Affymetrix HG-U133 Plus 2.00 GeneChip was performed according to the manufacturer's protocol. Microarrays were processed in the Microarray Core Facility of the Institute for Research in Biotherapy of Montpellier (http://irb.chu-montpellier.fr). A gene expression profile of each cell line was established using the Cluster and TreeView programs.
Mitochondrial membrane potential
Mitochondrial membrane potential was measured with the JC-1 dye (Molecular Probes/Invitrogen).
Telomere length analysis
Telomere length analysis was measured using TeloTAGGG telomere length kit (Roche). 
